the authors report here higher throughput screening (hts) assays for the evaluation of cYP3a4 inhibition and cYP3a4 induction in human hepatocytes using a novel cYP3a4 substrate, luciferin iPa (LiPa). using human recombinant cYP450 isoforms, LiPa was found to be metabolized extensively by cYP3a4 but not by cYP1a2, cYP2c9, cYP2c19, cYP2d6, or cYP2e1. in the 384-well plate cYP3a4 inhibition assay, the known inhibitors 1-aminobenzotriazole, erythromycin, ketoconazole, and verapamil were found to cause extensive (maximum inhibition of >80%), dose-dependent, statistically significant inhibition of LiPa metabolism. the non-cYP3a4 inhibitors diethyldithiocarbamate, quercetin, quinidine, sulfaphenazole, ticlopidine, and tranylcypromine were found to have substantially lower (maximum inhibition of <50%) or no apparent inhibitory effects in the hts assay. in the 96-well plate induction assay, the cYP3a4 inducers rifampin, phenobarbital, carbamazepine, phenytoin, troglitazone, rosiglitazone, and pioglitazone yielded dose-dependent induction of LiPa metabolism, whereas the cYP1a2 inducers omeprazole and 3-methylcholanthrene did not display any induction in the cYP3a4 activity. the high sensitivity and specificity of the assays, the relative ease of execution, and reduced cost, time, and test material requirements suggest that the hts assays may be applied routinely for screening a large number of chemicals in the drug discovery phase for cYP3a4 inhibitory and inducing potential. 
IntroductIon

P
harmacokinetic drug-drug interactions (ddis), where one drug would affect the metabolic clearance of a coadministered drug, have been found to lead to serious, sometimes fatal, adverse effects. the two major mechanisms of ddis are inhibition or induction of drug-metabolizing enzyme activities by an administered drug, resulting in reduction or acceleration of metabolic clearance, respectively, of coadministered drugs that are substrates of the affected pathways.
1 reduction of metabolic clearance of a drug may lead to higher than intended plasma concentrations, resulting in toxicity. a classical example is arrhythmia (torsade de pointes) caused by terfenadine (the affected or "victim" drug) in patients who were also taking the P450 inhibitors ketoconazole or erythromycin (the "perpetrator" drugs). terfenadine was subsequently withdrawn from the market and was replaced by its active metabolite, fexofenadine, which would not be affected by the perpetrator drugs. 2, 3 conversely, ddis due to acceleration of metabolic clearance by a perpetrator drug may lead to lower than intended plasma concentrations of the victim drug, resulting in loss of efficacy. For example, the prototypical cYP3a4 inducer rifampin has been found to decrease the in vivo auc of coadministered drugs by as much as 70% to 90%. 4 a classical example of loss of efficacy due to inductive ddi is the occurrence of contraceptive failures in female patients who were administered the antibiotic rifampin. 5 a recent example of a serious ddi is the occurrence of myopathy or rhabdomyolysis in patients coadministered the lipid-lowering drug atorvastatin or simvastatin and P450 inhibitors such as diltiazem, verapamil, erythromycin, and clarithromycin. 6 as a result of the serious outcomes of ddis, the us Food and drug administration (Fda) requires clear definition of ddi potential of drug candidates for new drug applications (ndas). [7] [8] [9] definition of ddi potential of a new drug includes investigation on the potential of the new drug to be either a perpetrator or a victim with existing drugs. the approaches to evaluate ddi potential have been systematically defined by the us Fda, with the major emphasis being placed on the evaluation of the interaction of the new drugs with cytochrome P450-dependent monooxygenases (cYP). the cYP family is represented by multiple isoforms, each with specific selectivity for certain chemical structures. of the various isoforms, cYP3a (cYP3a4, cYP3a5) collectively represent the most abundant hepatic isoforms and are known to be involved in the metabolism of more than 50% of existing drugs. 10, 11 cYP3a4 has been identified as the most important P450 isoform involved in clinically significant ddis. 12 the commonly used approach to measure cYP3a4 activity is the use of high-performance liquid chromatography accompanied with mass spectrometry (Lc/ms) to quantify the metabolism of prototypical substrates such as testosterone, midazolam, and nifedipine. 13 although the use of Lc/ms analysis is a routine practice and higher throughput automated approaches are available, 14 it remains a bottleneck when a large number of samples are to be analyzed. We have recently reported that cYP3a4 activity in human hepatocytes can be readily quantified by atPluciferin-based luminescence using a multiwell plate reader in a rapid, highly sensitive, and highly quantitative manner. 15 We report here higher throughput, luciferin iPa (LiPa)-based human hepatocyte assays for the evaluation of two major mechanisms of ddi-namely, cYP3a4 inhibition and cYP3a4 induction. the assays reported here should complement the current higher throughput approaches for the evaluation of P450-related drugdrug interactions.
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MAterIALS And MetHodS
Chemicals and reagents
all cell culture media and supplements and model P450 inhibitors (1-aminobenzotriazole, erythromycin, ketoconazole, verapamil, diethyldithiocarbamate, quercetin, quinidine, sulfaphenazole, ticlopidine, and tranylcypromine) were obtained from sigma-aldrich (st. Louis, mo). model P450 inducers (rifampin, phenytoin, carbamazepine, and phenobarbital) were obtained from sigma-aldrich, whereas troglitazone, rosiglitazone, and pioglitazone were obtained from cayman chemicals (ann arbor, mi) as a part of PPar-γ ligand pack. LiPa, luciferin standard, and luciferin detection reagent were obtained from Promega (madison, Wi).
Enzyme specificity assay
the specificity of the LiPa was screened using human recombinant P450 cerosomes (cYP3a4, cYP2c19, cYP2e1, cYP2c9, cYP1a2, and cYP2d6; Premas Biotech, gurgaon, india). a constant amount of cytochrome P450 (12.5 pmol/mL) was incubated with 1 µm LiPa and 1 mm nadPh for 20 min. all incubations were performed in 150 µL of 100 mm potassium phosphate buffer (ph 7.4). Following incubation, 50 µL of the reaction mixture was transferred to a white plate to which 50 µL of luciferin detection reagent was added.
Human hepatocytes
the human hepatocytes used in this study were isolated and subsequently cryopreserved in our laboratory using our previously published methods for hepatocyte isolation and cryopreservation [19] [20] [21] from nontransplantable human livers made available for use in research. cryopreserved human hepatocytes pooled from 10 donors were used for the high-throughput screening (hts) inhibition assay. For the induction study, hepatocytes from one donor were used (50-year-old caucasian woman). upon thawing, the cells had viability of approximately 90% based on trypan blue exclusion.
HTS CYP3A4 inhibition assay
an automated workstation (Biomek 2000; Beckman coulter, Brea, ca) was used for the performance of the assay. the workstation was programmed to perform serial dilutions of the model inhibitors and for the initiation of the assay. White opaque 384-well plates (Falcon, inc., purchased via VWr, inc., radnor, Pa) were used. the workstation was programmed to add into each well of the 384-well plates 10 µL of hepatocytes (containing 10 000 cells) and 10 µL of hepatocyte metabolism medium containing either solvent (0.1% v/v of acetonitrile) or P450 inhibitors at the designated concentrations (at 3× of the designated concentrations). the final acetonitrile concentration was 0.033% v/v. the assay was initiated by the addition of 10 µL of 3 µm LiPa (final concentration 1 µm). the plates were returned to a cell culture incubator maintained at 37 °c, in a highly humidified atmosphere of 95% air and 5% carbon dioxide. after an incubation period of 120 min, the plates were returned to the workstation for the addition of 10 µL of luciferin detection reagent (Promega).
CYP3A4 induction assay
cryopreserved human hepatocytes were thawed and plated onto collagen-coated 96-well plates at a cell concentration of 50 000 cells/well in 100 µL/well of hepatocyte Plating medium (aPsciences, columbia, md). after culturing overnight, medium was changed to that containing 0.25 mg/mL of matrigel (BdBioscience, Waltham, ma). after another overnight culture, medium was changed to hepatocyte induction medium (aPsciences) containing the designated concentrations of model inducers (100 µL/well). the hepatocytes were then cultured for 3 additional days to allow 72 h of continuous treatment without medium change. at the end of treatment, cells were washed three times with hepatocyte metabolism medium followed by incubation with hepatocyte metabolism medium (aPsciences) containing 3 µm of LiPa. after an incubation period of 120 min, 50 µL of the medium was removed and transferred to white opaque plates followed by addition of 50 µL of luciferin detection reagent (Promega).
Data analysis
Luminescence was quantified using a multichannel plate reader (Wallac 1420; Perkinelmer, Waltham, ma). Luminescence signals were converted to pmoles of luciferin based on a standard curve generated from luciferin standard (Promega).
enzyme specificity results are expressed as pmol luciferin generated/pmol of enzyme/min. results for the cYP3a4 inhibition and induction assays are expressed as relative activity, which is calculated as a ratio of the activity in the presence of inhibitors or inducers to that of the solvent control using the following equation:
relative activity (%) = [activity (treatment)/ activity (solvent control)] × 100, where activity represents luciferin generated in each well quantified by luminescence. ec 50 values are calculated based on nonlinear regression of a plot of relative activity versus the logarithm of inhibitor concentrations. nonlinear regression analysis was performed using Prism software (graphPad software, san diego, ca).
Statistical analysis
the statistical significance of inhibition was determined by comparing treatment to solvent control based on dunnett's t test using (JmP 6.0 statistical software; sas, cary, nc), with p ≤ 0.05 as the level of significance.
reSuLtS
Evaluation of CYP3A4 specificity of LIPA using recombinant P450 isoforms dose-dependent metabolism of LiPa by cYP3a4 was observed (Fig. 1) . When LiPa was incubated with recombinant P450 isoforms cYP3a4, cYP2c19, cYP2e1, cYP2c9, cYP1a2, and cYP2d6, significant metabolism to luciferin was observed only for cYP3a4. the results provide evidence that LiPa was a selective cYP3a4 substrate (Fig. 1) .
HTS human hepatocyte CYP3A4 inhibition assay
of the ten P450 inhibitors evaluated, extensive (>80% inhibition), statistically significant, and dose-dependent inhibition was observed for chemicals that are known to inhibit cYP3a4: 1-aminobenzotriazole, erythromycin, ketoconazole, and verapamil (Fig. 2) . substantially less (<50%) inhibition was observed for the chemicals that have selective inhibitory potential for noncYP3a4 isoforms: diethyldithiocarbamate (selective for cYP2e1), quercetin (cYP2c8), quinidine (cYP2d6), sulfaphenazole (cYP2c9), ticlopidine (cYP2B6, cYP2c19, cYP2d6), and tranylcypromine (cYP2a6) (Fig. 3) . the ic 50 values calculated for cYP3a4 inhibition in the assay are shown in table 1.
HTS human hepatocyte CYP3A4 induction assay
the known cYP3a4 inducers rifampin, phenobarbital, carbamazepine, phenytoin, troglitazone, rosiglitazone, and pioglitazone 2 . results of cYP3a4 inhibitors in the high-throughput screening human hepatocytes cYP3a4 inhibition assay. the relative activity, expressed as percent of the solvent control activity, was plotted against the logarithm of inhibitor concentrations. each error bar represents the standard deviation value of the mean of quadruplicate observations. some error bars are not readily discernable because of the relatively small values versus the size of the symbols. aBt, 1-aminobenzotriazole. the ic 50 values were calculated from nonlinear regression of the plot of % remaining activity versus the concentrations of the inhibitors. For the non-cYP3a4 inhibitors, the ic 50 values are stated as that higher than the highest concentrations used in the study. yielded extensive, dose-dependent induction of LiPa metabolism (Figs. 4 and 5) , whereas the cYP1a2 inducers omeprazole and 3-methylcholanthrene did not display any induction in the LiPa metabolism (data not shown).
dIScuSSIon
Pharmacokinetic drug-drug interactions, especially cYP3a4-based events, are known to have serious, sometimes fatal, outcomes in patients. early elimination of chemical structures with ddi liabilities would greatly facilitate the drug discovery process. the advantage of using LiPa to quantify cYP3a4 activity is that its metabolism can be quantified using a plate reader that is fast, is relatively inexpensive, and, most important, eliminates the need for Lc/ms, which is often not readily assessable to drug discovery scientists because of the lack of expertise and availability to the instrument. the specificity of LiPa for cYP3a4 is illustrated by three independent lines of evidence: (1) recombinant P450 isoforms showed that cYP3a4 was the only isoform that could metabolize LiPa to luciferin. (2) in the hepatocyte cYP3a4 inhibition assay, concentration-dependent, statistically significant, and extensive inhibition (maximum inhibition of >80%) was observed with the known cYP3a4 inhibitors (1-aminobenzotriazole, erythromycin, ketoconazole, and verapamil), and substantially lower levels of inhibition (maximum inhibition of <50%) were observed with the known noncYP3a4 inhibitors (diethyldithiocarbamate, quercetin, quinidine, sulfaphenazole, ticlopidine, and tranylcypromine). of the non-cYP3a4 inhibitors, diethyldithiocarbamate had the highest inhibitory effect (maximum inhibition of near 50%), a result similar to that reported by eagling et al. 22 using human liver microsomes and quantifying cYP3a4 activity via testosterone 6b-hydroxylation. (3) in the hepatocyte cYP3a4 induction assay, the known cYP3a4 inducers rifampin, phenobarbital, carbamazepine, phenytoin, and the thiazolidinediones troglitazone, rosiglitazone, and pioglitazone demonstrated dosedependent induction, whereas no induction in LiPa metabolism was observed with the cYP1a inducers omeprazole and 3-methylcholanthrene.
the 384-well hepatocyte cYP3a4 inhibition assay is an extension of our previous studies, which introduced the use of human hepatocytes in P450 inhibition studies. 15, 20, 23 although the evaluation of P450 inhibition is traditionally performed with liver microsomes and recombinant cYP enzymes, 24, 25 intact hepatocytes may provide useful information to improve the accuracy of the prediction of in vivo effects. a chemical, for instance, may be metabolized by non-cYP pathways to a metabolite that is a potent P450 inhibitor and therefore would be inhibitory in hepatocytes but not in microsomes or recombinant cYP enzymes. gemfibrozil, for instance, requires glucuronidation for its cYP2c8 inhibitory effects and is a potent cYP2c8 FIg. 3 . results of the non-cYP3a4 inhibitors diethyldithiocarbamate (dedtc), quercetin, quinidine, sulfaphenazole, ticlopidine, and tranylcypromine in the high-throughput screening human hepatocytes cYP3a4 inhibition assay. the relative activity, expressed as percent of the solvent control activity, was plotted against the logarithm of inhibitor concentrations. each error bar represents the standard deviation value of the mean of quadruplicate observations. some error bars are not readily discernable because of the relatively small values versus the size of the symbols.
inhibitor in hepatocytes but less so in liver microsomes or recombinant cYP2c8. 26 the presence of active transporters in human hepatocytes, including cryopreserved hepatocytes, also suggests that an inhibitor may be actively accumulated inside the cells, leading to a substantially higher concentration and a correspondingly higher inhibitory effect that would not be observed using cell-free systems. 27 in the hts human hepatocyte cYP3a4 inhibition assay described here, 384-well plates were used to reduce the quantity of hepatocytes, reagents, and the chemical to be evaluated. the use of LiPa as a cYP3a4 substrate substantially enhances the efficiency of the assay, eliminating analytical time that traditionally is considered the "bottleneck" for such assays. the use of robotics allowed rapid and accurate delivery of relatively small volumes of reagents into the 384-well plates. the accuracy of the assay is demonstrated by the relatively low coefficient of variation (standard deviations <10% of mean values) of the results. most important, the results with the model P450 inhibitors demonstrate that this human hepatocyte hts assay can readily distinguish cYP3a4 inhibitors from noninhibitors.
human hepatocyte cultures have been universally accepted as the "gold standard" for the evaluation of P450 induction. 7, 28, 29 We have made several improvements to enhance the efficiency of the induction assay. First, the use of 96-well plate format allows one to evaluate four chemicals in seven concentrations in triplicate in one single plate, which is a significant improvement over the traditional assay using 24-well plates. second, the elimination of daily medium change during the treatment period greatly decreased the time and effort required in this assay. as described earlier, the assay readily identified the known cYP3a4 inducers from the non-cYP3a4 inducers, suggesting that it can be used routinely for the evaluation of cYP3a4 induction potential of new chemical entities.
it is now known that the lack of efficacy and the presence of adverse drug effects are the major reasons for clinical failure of new drug candidates. it is therefore advantageous for drug discovery scientists to routinely evaluate adverse drug effects in addition to pharmacological effects to allow the logical selection of the drug candidates with the highest potential of success for further development. the hepatocyte-based assays for cYP3a4 inhibition and induction described here are intended to be used by drug discovery scientists so that these critical adverse drug properties can be evaluated hand-in-hand with pharmacology and in vitro cytotoxicity assays, allowing the selection of the new chemical entities with the highest potential for success for further development.
reFerenceS
